Carbon dioxide (CO 2 ) has been increasing homogeneously worldwide since industrial revolution. Current CO 2 concentrations are around 400 ppm, which may increase over this century to 430 ppm (best scenario) to >1000 ppm (worst scenario) (IPCC, 2013). Species-level responses of plant traits to elevated carbon dioxide (eCO 2 ), especially those that affect interactions with pollinators, could potentially have flow-on effects to both ecological communities and horticultural industries. The impacts of eCO 2 on flowering traits in pepper (Capsicum annuum -Giant Bell), tomato (Lycopersicon lycopersicum-var. Tomato Roma) and zucchini (Cucurbita pepo -Zucchini Blackjack), all economically important horticultural species, were investigated. Twenty plants of each species were grown under two treatments: 1) two glasshouses with ambient CO 2 (400 ppm), and 2) two with eCO 2 (555 ppm). For both treatments, we measured the number of flowers, flower longevity and dry biomass for all species; pollen diameter and number of pollen grains for tomato and zucchini; and the sucrose concentration and nectar production in zucchini. Elevated CO 2 had few significant effects on the measured traits, the main exceptions being in zucchini, which produced more male flowers, fewer pollen grains per plant and fewer female flowers under this treatment. Pepper also produced fewer flowers at eCO 2 while tomato was the least sensitive species. Future studies could be aimed at testing sensitivity of different varieties of these important commercial species to eCO 2 .
Introduction
Atmospheric carbon dioxide (CO 2 ) has increased from 280 ppm in pre-industrial times to around 400 ppm, and could reach 1000 ppm by the end of the century unless strong greenhouse gas emission reductions take place (Hare et al., 2011; IPCC, 2013) . Plant responses to elevated CO 2 (eCO 2 ) are species-specific, but in general, crop plants tend to be more sensitive than native flora (Jablonski et al., 2002) . Any significant effects of eCO 2 on flowering traits could potentially affect processes from the species level (reproduction and yield) up to the community level (interactions with pollinators, (Potts et al., 2003; Hoover et al., 2012) .
Although the effects of eCO 2 and temperature on photosynthesis, plant growth, and fruit and seed yield of crops have been relatively well studied (e.g. Jablonski et al., 2002; Tubiello et al., 2007 Dieleman et al., 2012 Wang et al., 2012) , far less is known about the impacts on floral traits, particularly on vegetables (Peñuelas et al., 1995; Osborne et al., 1997; Jablonski et al., 2002; Springer and Ward, 2007) , and where they have been investigated, considerable variability has been found, both within and between species (Parmesan and Hanley, 2015) . In this study the impacts of eCO 2 on the floral traits of tomato, pepper and zucchini were investigated. All three species are economically important. For example, in 2014 in the USA, the value of production of pepper crops was ca $619 million, the value of tomato was ca $1134 million, and the value of zucchini was ca $192 million (United States Department of Agriculture, 2015) . Quantifying potential effects of altered atmospheric conditions on commercial species such as these will help identify crop varieties that may be better adapted to future conditions and increase our general understanding of future impacts on agroecosystems and food production (Springer and Ward, 2007; DaMatta et al., 2010; Turral et al., 2011) .
Results and Discussion
Overall, eCO 2 had relatively few significant impacts on floral traits of the three horticultural species investigated. The effects that did occur were individualistic for each species, consistent with the findings of a meta-analysis of 24 crop species in which 63% showed accelerated flowering times, while 29% did not change and 8% had delayed flowering (Springer and Ward, 2007) . We found the most significant impacts of CO 2 treatment were flower number in pepper and zucchini, and the number of pollen grains in zucchini ( Table  2) .
The eCO 2 treatment did not affect flower longevity in any of the species (tomato p=0.70 and pepper p=0.80). There were fewer pepper and zucchini female flowers but more zucchini male flowers at eCO 2 compared to ambient (p=0.038, p=0.047 and p=0.033, respectively; Table 2 ). The eCO 2 treatment did not affect flowering in tomatoes (p=0.144, Table 2 ). These results contrast in some respects with several studies that have shown eCO 2 to have a positive impact on some vegetative and floral traits, especially in C 3 crops (Osborne et al., 1997; Moya et al., 1998; Lake and Hughes, 1999; Jablonski et al., 2002; Ziska et al., 2005; DaMatta, et al., 2010) . There were no significant differences between CO 2 treatments in the number of grains or pollen size in tomato. In zucchini, there was no significant difference in pollen size between treatments, but there were significantly fewer grains per plant at eCO 2 (p= 0.029, Table 2 ). Nectar secretion rates decreased during the course of the day in both male and female zucchini flowers in both CO 2 treatments ( Fig. 1 ) but there were no significant differences between treatments in sucrose concentration in male flowers, nectar volume for females or nectar volume for males (p=0.15, p=0.14 and p= 0.46, respectively; Table 2) or secretion rate (Fig. 1) . The resource index for male flowers was higher at eCO 2 , but for female flowers was not significantly affected by CO 2 treatment ( Table 2) .
The results of this study support the notion that floral traits of some plant species may be relatively insensitive to variation in abiotic parameters such as atmospheric CO 2 , resulting in the presentation of stable floral rewards and in turn ensuring the maintenance of pollinator fidelity (Lanau, 2004) . Additionally, presenting a relatively constant amount of floral resources could also benefit outcrossing, where plants are able to attract pollinators by rewarding them but nonetheless not providing excess amounts, thus encouraging pollinators to find other individuals; in other words, the plants keep pollinators "hungry but faithful" (Willmer and Stone, 2004) .
Our finding that elevated CO 2 had few significant impacts on flowering traits could have been affected by the length of the experiment. While zucchini tends to be grown as an annual crop, some pepper and tomato plants can live several years and continue to bear fruit. It is possible that longer exposure times to the elevated CO 2 treatment may have resulted in greater differences over time, although many plants acclimate to such treatments (Lambers et al., 2008; Smith and Dukes, 2013) . It is also possible that nutrient constraints and pot size may have limited the differences between treatments in our study (Reich et al., 2006; Reddy et al., 2010; Kirschbaum, 2010) .
Although the impact of eCO 2 on pepper and tomato has been previously investigated (Hickleton and Jolliffe, 1978; Micallef et al., 1995; Peñuelas et al., 1995) , these studies did not measure the impact on most of the flowering traits of the present study. Our findings are consistent with those of Micallef et al., (1995) and Yelle et al., (1990) , in that the number of flowers and fruits of tomato did not change at eCO 2 when the treatment was applied from the seed stage . However, our results contrast with those of Hickleton and Jolliffe (1978) , who reported earlier flowering and higher yield in tomato plants that were enriched with CO 2 from the seedling stage. Our finding that pepper produced fewer flowers at eCO 2 contrast with those of Peñuelas et al. (1995) who found that eCO 2 had no effect on flowering in this crop. CO 2 treatment had little impact on the vegetative characteristics of any of the species. In the correlation analyses, the only significant relationships found were between the number of flowers and above ground biomass at ambient CO 2 for both tomato and pepper (Table 3) . These results are consistent with several other studies, where changes in these traits tend to be more dependent on factors such as water and nutrient availability. For instance, changes on dry biomass in pepper at eCO 2 increased with high amounts of nitrogen (Peñuelas et al., 1995) and also higher water availability (Peñuelas et al., 1995; Rezende et al., 2008) . Similarly, tomato tends to be more sensitive to nitrogen availability than eCO 2 (Van Oosten et al., 1994) .
In summary, elevated CO 2 did not significantly affect most of the floral traits measured in the three crop species examined. In those traits that were affected, responses varied among the species, with zucchini the most sensitive to eCO 2 , followed by pepper, and tomato the least sensitive. The relative lack of sensitivity of Tomato Roma to eCO 2 could suggest that it is a potential variety for future studies on breeding better-adapted crops (Turral et al., 2011; Wheeler and von Braun, 2013) .
This work could be extended in many ways, including investigating the impacts of eCO 2 on a wider range of crop species and varieties; the changes produced in belowground biomass; potential interactions between eCO 2 and temperature; and changes over a longer duration for the perennial species.
Materials and Methods

Experimental design
Twenty replicate plants of each species were grown for 20 weeks in each of four glasshouses at Macquarie University (Sydney, Australia), under two treatments: 1) at ambient CO 2 (400 ± 12 ppm), and 2) at elevated (560 ± 10 ppm), as described in previous studies by Manea and Leishman (2011) and Kelly et al., (2015) . All glasshouses were maintained at 24°C day and 16°C night temperatures with a day-length of 12 h and and a relative humidity of approximately 60%. Each plant was randomly repositioned within the glasshouse every 25 days. The measurements taken for each species are summarized in Table 1 .
Species selection
Tomato (Lycopersicon lycopersicum -var. Tomato Roma) and pepper (Capsicum annuum -var. Giant Bell) are hermaphroditic plants that can produce fruits without external pollination (Delaplane, K. S. and Mayer, 2000) , while zucchini (Cucurbita pepo -var. Zucchini Blackjack), is obligately-dependent on insect pollinators to produce fruits (Vidal et al., 2006) . All three species have a C 3 photosynthetic pathway.
Sowing and growth
Plants of these three species were grown from seed (Yates R , Australia) in commercial soil potting mix (DEBCO R , Australia). In ensure enough replicates, three seeds were sown in each pot (diameter 18 cm, depth 20 cm, 30L volume, commercial potting mix) and after seedlings reached 10-15 cm in height, excess seedlings were removed. Plants were watered by automatic sprinklers four times per day for two minutes, and received supplementary watering (300 ml) daily once the first fruit appeared. All plants were fertilized weekly with 9g L -1 of ThriveR Complete Plant Food (Australia) at the seedling stage. After flowers appeared, fertilization was increased to 18g L -1 weekly.
Trait measurements
After flowering commenced, the total number of flowers per plant was counted daily for zucchini plants and weekly for tomato and pepper, for a period of 14 weeks. Since zucchini flowers last for only a single day (approximately 6 am until noon; (Nepi et al., 2001) ), flower lifespan for this species was not recorded. For tomato and pepper, eight randomly chosen plants per glasshouse were used to estimate the average life span of five flowers per plant. Hand-pollination was not performed for any of the species, and therefore tomato and pepper fruits were from selfpollination only. Since zucchini plants do not self-pollinate, only flowering was measured for this species. Mature tomato and pepper fruits with uniform red colour were harvested from seven randomly chosen plants per glasshouse and dried at 60°C for ten days. In addition, 17 weeks after sowing, all fruits of all tomato and pepper plants were counted. Seven plants per species per glasshouse were also harvested and dried at 60°C for three days and weighed to estimate aboveground vegetative dry biomass.
Tomato flowers do not produce nectar, and because of the difficulty of manipulating the small flowers of pepper, measurements of nectar volume and sugar concentrations were recorded for zucchini flowers only. Female flowers were far less abundant than male flowers, so fewer female flowers were analyzed for nectar secretion rate (Table 1) . Eight plants from each glasshouse were randomly selected for nectar volume and secretion measurements. Four male flowers and 2-4 female flowers were selected per plant. Nectar was collected every three hours from the same flower (7:30 am, 10:30 am, and 1:30 pm) during a single day, using 0.2 µl microcapillary tubes. The content of each capillary was dotted onto filter paper (Whatman's Number 1). The diameter of the nectar dot was measured immediately, and the nectar volume was estimated via correlation using data from Dafni (1992, p. 140) . To estimate the overall amount of nectar that would be available for a pollinator, a resource index was calculated by multiplying the mean number of flowers by the mean volume of nectar per plant.
The sucrose content of nectar has been widely used in studies relating floral traits to foraging behaviour in honeybees (Esch et al., 1993 , Pankiw et al., 2001 Pírez and Farina, 2004) . We determined the sucrose concentration of nectar in g/100g (International index scale of ICMUSA 1974) from three flowers on each of seven plants per glasshouse, using a refractometer. The nectar was collected from the flowers with a micropipette. All samples were taken at 9:00 am using a micropipette and were analyzed at room temperature in the laboratory.
Three flowers from each of eight randomly selected tomato and zucchini plants per glasshouse were used for the pollen grain counts. During anthesis, tomato flowers presented some variability in colour and exposition of the anthers during the first two days; the anthers were therefore removed after the second day of anthesis. All anthers were removed from the base, placed in 1.5 ml vials, and stored immediately at -20°C for later analysis. Zucchini anthers were removed and stored in the same manner during their single day of life. The procedure to obtain and measure the pollen was adapted from Lake and Hughes (1999) and Georgiady and Lord (2002) . At time of analysis, vials were removed from the freezer and 1 ml water added to each. Vials were then shaken using a vortex mixer for one minute to release the pollen. The anthers were removed from the vials and the vials were shaken again for ten seconds to obtain a homogeneous suspension. Two samples of 10 µL were taken from the suspension and the pollen grains were counted using eight squares of a Neubauer chamber under an optical microscope (10X). Photographs of five pollen grains per sample were taken and the diameter of each was measured using the program ImageJ (Rasband) http://rsb.info.nih.gov/ij/).
Statistical analysis
Data were analyzed using 2-factor nested ANOVAs, in which glasshouses were considered a random factor nested within CO 2 concentration, which was designated as a fixed factor. For nectar secretion and number of flowers per week, the data were analyzed using repeated measures ANOVA. Data analysis was performed using Statistica 7.0. Some data were log or square root transformed where necessary to improve normality and meet the assumptions of the analyses. When data could not be transformed to meet normality assumptions, non-parametric Kruskal-Wallis or Friedman ANOVA analyses were used. To assess if there was a trade-off between the vegetative traits and sexual traits of the species, correlation analyses were performed with the above ground vegetative weight, the number of fruits and the weight of the fruits compared to the number of flowers and the number of pollen grains.
